Introduction
============

In recent years, sodium-activated potassium (K~Na~) channels have attracted considerable attention because of their role in maintaining the resting membrane potential and firing accommodation of the sensory neurons.[@b1-jpr-10-1265],[@b2-jpr-10-1265] K~Na~ channels are encoded by the SLACK and SLICK genes. Although both channels may protect the neurons against noxious stimuli,[@b3-jpr-10-1265] SLICK may be more specialized for protective functions because of its higher sensitivity to intracellular Cl^−^ and ATP. The dorsal horn (DH) of the spinal cord is the integrative center that processes and transmits pain sensation.[@b4-jpr-10-1265],[@b5-jpr-10-1265] Although K~Na~ channels are particularly highly expressed in neurons,[@b6-jpr-10-1265] information about whether rat DH neurons express the SLICK channel protein was limited. In response to local inflammation, abnormal changes in ion channel expression can enhance the excitability of pain-related neurons;[@b7-jpr-10-1265] however, direct empirical evidence for a K~Na~ channel contribution to neuronal excitability has been lacking.

Tumor necrosis factor-α (TNF-α), an important substance contributing to inflammation, is involved in the development of inflammatory pain, and the impairment of TNF signaling attenuates hypersensitivity in neuropathy.[@b8-jpr-10-1265]--[@b10-jpr-10-1265] As previously reported, acute TNF-α stimulation at the dorsal root ganglion rapidly enhances TTX-R currents via the p38-dependent pathway,[@b11-jpr-10-1265] and TNF-α-induced p38 MAPK activation regulates TRPA1 and TRPV4 activity in odontoblast-like cells.[@b12-jpr-10-1265] Although TNF-α has been shown to modulate potassium channel expression and mediate thermal hyperalgesia,[@b13-jpr-10-1265] its direct effects on SLICK and the potential signaling pathway mediating such effects have yet to be elucidated.

We hypothesized that p38 MAPK pathway activation plays an important role in the modulation of the SLICK channel and then enhances the excitability of DH neurons. In this study, we addressed two questions using cultures of DH neurons. First, we explored whether the DH neurons express the SLICK channel protein. Second, we investigated whether p38 MAPK pathways are involved in the mechanism by which TNF-α acts on the SLICK channel.

Materials and methods
=====================

DH neuronal culture and treatments
----------------------------------

All surgical procedures and experiments were approved by the Ethical Committee of Southeast University and were in accordance with the Guidelines for the Care and Treatment of Laboratory Animals of the US National Institutes of Health. The DHs from Sprague-Dawley female rats (1 day of age, Qinglongshan, Nanjing, China) were extracted for all experiments. The DHs were dissected and enzymatically digested with 0.25% trypsin at 37°C for 50 min. Mechanical dissociation and plating was then performed. The neurons were then placed in six-well plates with culture media (ThermoFisher, Shanghai, China) containing Neurobasal^®^-A media, B27, 2 mM l-glutamine, and the antibiotics penicillin and streptomycin. The cells were maintained in an incubator at 37°C and 5% CO~2~ throughout the experiments. All subsequent experiments were followed by cell culture for 1 week, and the number of cells in each well of the six-well plate reached 60,000--75,000. For TNF-α treatment experiments, neurons were grown in six-well plates before treatment with 10 ng/mL TNF-α in the presence or absence of 10 μM of p38 inhibitor SB202190 (Sigma, Gillingham, UK).

DH neuron electrophysiology
---------------------------

All data were acquired using Axon Clampex 10.6 (Molecular Devices). The high-pass filter setting was 2 kHz, and the sampling rate was 20 kHz. In the experimental process, we ensured that the quality of recording of DH neurons was determined by certain criteria, such as resting membrane potential, which is relatively stable; the series resistance was \<30 MΩ throughout the recording process and the degree of variation was \<20%; the input resistance was \>400 MΩ and the degree of change was \<35%. For current-clamp recordings, a Multiclamp 700B (Molecular Devices) was used, and data were analog-digital converted using an Axon 1440A instrument. Glass electrodes were pulled using a horizontal pipette puller (Sutter Instrument Company, Novato, CA, USA) and fire polished to have a resistance of 6--10 MΩ. The repetitive discharge of each cell was measured by the injection of 2.5× threshold stimuli for 1000 ms. The pipette solution contained the following (in mM): 124 K-gluconate, 2 MgCl~2~, 13.2 NaCl, 1 ethylene glycol-bis(β-aminoethyl ether)-*N*,*N*,*N*′,*N*′-tetraacetic acid \[EGTA\], 10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid \[HEPES\], 4 Mg-ATP, and 0.3 Na-GTP at pH 7.2. The bath solution contained (in mM) 140 NaCl, 5.4 KCl, 1 CaCl~2~, 1 MgCl~2~, 15.6 HEPES, and 10 glucose at pH 7.4. For the voltage-clamp, pipettes were filled with solution containing (in mM) 124 K-gluconate, 2 MgCl~2~, 13.2 NaCl, 1 EGTA, 10 HEPES, 4 Mg-ATP, and 0.3 Na-GTP at pH 7.2. The bath solution for all cells contained (in mM) 140 NaCl, 5.4 KCl, 1 CaCl~2~, 1 MgCl~2~, 10 HEPES, and 10 glucose. When examining sodium-dependent potassium currents in isolation, NaCl was completely replaced with the impermeable cation *N*-methyl-d-glucamine (NMG-Cl) (Sigma). Identical bath and pipette solutions were used in both the voltage-clamp and current-clamp modes. In the voltage-clamp mode, the current was recorded at a holding potential of −70 mV, with 2000 ms pulses ranging between −80 and +50 mV.

Real-time polymerase chain reaction
-----------------------------------

The total RNA was extracted from the neuronal culture using the RNeasy Plus kit (Takara, RR047) according to the manufacturer's recommendations. Before reverse transcription, the total RNA was treated with RQ1 RNase-Free DNase (Promega) to remove genomic DNA. The cDNA was synthesized using an Invitrogen SuperScript^®^ III kit (ThermoFisher). The primers used for DH neuronal culture were as follows: for GAPDH, GTTACCAGGGCTGCCTTCTC (forward) and GATGGTGATGGGTTTCCCGT (reverse), and for SLICK, GTGTGTGTGCTTGTGTTGCAG (forward) and GAGCACCTCCCATACGTCTTC (reverse). The slopes of the primer efficiency equation for the primer pairs used in this study were between −3.1 and −3.6, giving reaction efficiencies between 90% and 110%, which are typically acceptable for a quantitative PCR assay. The running protocol comprised 40 cycles consisting of 95°C for 15 s and 60°C for 1 min using an Applied Biosystems 7500 Fast Real-time PCR system. Each sample was measured in triplicate.

Membrane protein biotinylation
------------------------------

DH neurons in six-well plates were used 30 min following incubation with 10 ng/mL TNF-α/10 μM of p38 inhibitor SB202190. Then, 160 μL of 10 mM Sulfo-NHS-SS-Biotin (ThermoFisher) was added to each well, and the plates were incubated at room temperature for 45 min. During this time, 100 μL of Pierce Streptavidin Magnetic Beads (ThermoFisher) were washed with phosphate-buffered saline (PBS) + 0.1% Tween. After 45 min, the cells were rinsed with PBS and lysed with a buffer containing PBS, 150 mM NaCl, 1% Nonidet P-40, and 0.1% sodium dodecyl sulfate, pH 8.0, and a protease inhibitor cocktail. The samples were then incubated with 50 μL of streptavidin beads (ThermoFisher) in a rotator overnight at 4°C. On the following day, the samples were washed twice in PBS. After removing the supernatant, the beads were resuspended in Laemmli sample buffer (Bio-Rad) and boiled for 5 min. The samples were then loaded onto a Ready Gel, and Western blot analysis was performed to detect membrane SLICK.

Cell viability assay
--------------------

The cell cytotoxicity of TNF-α and the effect of p38 inhibitor SB202190 on the viability of DH neurons were evaluated using a 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. Cells were incubated with 10 ng/mL TNF-α in the presence or absence of 10 μM SB202190. Afterward, 100 mL of a 0.5 mg/mL MTT solution (ThermoFisher) was added to the culture media. After incubation for 2 h at 37°C and the removal of culture medium, dimethyl sulfoxide was added to dissolve the formazan crystals. The absorbance at 570 nm was determined using an automatic microplate spectrophotometer. Data were analyzed using Prism GraphPad 6 software. Samples were measured in quintuplicate, and the experiment was performed in triplicate.

Statistical analysis
--------------------

Statistical analyses were performed using SPSS statistical software (version 19.0, IBM). Data are presented as the mean ± standard error. Unpaired *t*-test analyses were used to determine statistical significance (*p*\<0.05).

Results
=======

Voltage-clamp whole-cell recordings were performed using these DH neurons. The average current density at 50 mV was 320.96±34.94 pA/pF ([Figure 1A](#f1-jpr-10-1265){ref-type="fig"}, n=5). When the sodium in the bath and pipette solution was replaced with the impermeant cation NMG, the I~K~ of the DH neurons was greatly reduced, and the average current density at 50 mV was 197.07±20.98 pA/pF ([Figure 1A](#f1-jpr-10-1265){ref-type="fig"}, n=5), \~40% of its control value ([Figure 1B, *p*](#f1-jpr-10-1265){ref-type="fig"}\<0.05, unpaired *t*-tests). Using whole-cell current-clamp recording on cultured DH neurons, we typically saw firing of \<2 action potentials in 5 neurons, in response to 2.5× the stimulus threshold before TNF-α stimulation ([Figure 2A](#f2-jpr-10-1265){ref-type="fig"}). After the application of 10 ng/mL TNF-α, a progressive loss of firing accommodation was observed in 5 neurons ([Figure 2B](#f2-jpr-10-1265){ref-type="fig"}), and after 10 min, no firing accommodation was observed in 5 neurons ([Figure 2C](#f2-jpr-10-1265){ref-type="fig"}). However, in DH neurons incubated with 10 μM of p38 inhibitor SB202190 for 30 min before the short TNF-α treatment, no loss of firing accommodation was detected ([Figure 2D](#f2-jpr-10-1265){ref-type="fig"}, n=5).

Using whole-cell voltage-clamp recording, we assayed the effect of p38 MAPK activation on the I~K~ in the DH neurons in the presence and absence of Na^+^ in the bath. In external solutions without Na^+^ (0 mM), the average current density at 5 mV was 152.23±21.44 pA/pF, and 10 min after the application of 10 ng/mL TNF-α, we observed a small but significant decrease in I~K~. The average current density at 50 mV was 140.46±20.19 pA/pF; only an 8% decrease in I~K~ ([Figure 3B](#f3-jpr-10-1265){ref-type="fig"}, n=5) was observed when normalized to the control ([Figure 3F, *p*](#f3-jpr-10-1265){ref-type="fig"}\<0.05, unpaired *t*-tests). In parallel experiments in which neurons were bathed in an extracellular bath containing physiological levels of Na^+^ (140 mM), the average current density at 50 mV was 250.19±34.85 pA/pF, and the application of 10 ng/mL TNF-α caused a much greater decrease in I~K~. The average current density at 50 mV was 166.92±20.92 pA/pF ([Figure 3A](#f3-jpr-10-1265){ref-type="fig"}, n=5). After the application of TNF-α, there was a 34% decrease in I~K~ when normalized to the control ([Figure 3E, *p*](#f3-jpr-10-1265){ref-type="fig"}\<0.01, unpaired *t*-tests), a significantly larger percentage decrease than in Na^+^-free conditions (*p*\<0.05). These results strongly suggest that under physiological recording conditions, p38 MAPK strongly inhibits I~K~, particularly the K~Na~ component of I~K~. The loss of firing accommodation caused by TNF-α could, therefore, likely be attributed to the inhibition of K~Na~. To test whether reduced p38 MAPK activity would produce the opposite effect, DH neurons were incubated with 10 μM of p38 inhibitor SB202190 for 30 min before TNF-α treatment, which produced a nonsignificant increase in total I~K~ ([Figure 3C](#f3-jpr-10-1265){ref-type="fig"}). This effect was not seen upon replacing Na^+^ with NMG; instead, we observed a small decrease in the total outward current ([Figure 3D](#f3-jpr-10-1265){ref-type="fig"}), implying the presence of other unidentified potassium current(s) that are likely subject to p38 MAPK modulation.

We determined whether TNF-α can decrease the expression of the channel protein to understand how it could decrease the current densities of SLICK channels. A surface-expression biotinylation assay showed that TNF-α decreased SLICK protein expression significantly ([Figure 4A](#f4-jpr-10-1265){ref-type="fig"}, n=5, *p*\<0.05, unpaired *t*-tests). Meanwhile, we conducted parallel studies in which TNF-α was inhibited by pretreating neurons with 10 μM of SB202190 for 30 min followed by TNF-α treatment. In this case, surface SLICK channel expression was comparable to unstimulated neurons ([Figure 4B](#f4-jpr-10-1265){ref-type="fig"}). Furthermore, reverse transcription polymerase chain reaction analysis was performed on DH neurons incubated with TNF-α to determine whether the TNF-α-induced downregulation of SLICK proteins in DH neurons resulted from a reduction in transcription. We found no significant difference in *SLICK* mRNA expression compared with unstimulated neurons ([Figure 4C](#f4-jpr-10-1265){ref-type="fig"}). Our results showed that TNF-α directly decreased SLICK channel activity through possible posttranslational modification (PTM). We confirmed using the MTT assay that SB202190 in combination with TNF-α exerted no effect on the viability of DH neurons ([Figure 5](#f5-jpr-10-1265){ref-type="fig"}).

Discussion
==========

In this study, we provided the first evidence that the SLICK K~Na~ channel is expressed in rat DH neurons and that TNF-α can reduce the expression of SLICK K~Na~ channels at the protein level in DH neurons. Moreover, we showed that the inflammatory cytokine TNF-α decreases SLICK K~Na~ expression at the membrane through a p38 MAPK-dependent pathway. Our study suggested that K^+^ exit decreased in DH neurons after TNF-α or p38 activation and reducing the number of K~Na~ channels at the plasma membrane will result in loss of the firing accommodation.

Accumulating evidence has demonstrated that TNF-α is an effective activator of neuropathic pain.[@b14-jpr-10-1265] The MAPK family of kinases plays an important role in mammalian cell signaling. One kinase of the MAPK, p38, was reported to be increased in animal models of neuropathic pain.[@b15-jpr-10-1265] TNF-α activates multiple signaling pathways, including the p38 MAPK pathway,[@b16-jpr-10-1265] which is recognized as an important regulator of inflammatory pain,[@b17-jpr-10-1265] although TNF-α can also activate ERK or c-JUN of MAPK.[@b18-jpr-10-1265] Our results established the p38 MAPK-mediated downregulation of SLICK K~Na~ expression in DH neurons and demonstrated, for the first time, a novel mechanism by which p38 MAPK could contribute to decreasing SLICK K~Na~ channel responses via nontranscriptional mechanisms.

In this study, three types of firing patterns were identified in response to depolarizing current injections, namely, single-spiking, tonic-firing, and delayed-firing. We clamped only the single-spiking neurons and found that TNF-α can cause loss of firing accommodation, but this effect can be counteracted by p38 MAPK inhibitors. The findings were that in our culture preparation, the electrophysiological properties of DH neurons were similar to the properties of DH neurons recorded in young spinal cord slices.[@b19-jpr-10-1265] K~Na~ channel expression decreases in vivo under pathological conditions accompanied by thermal hyperalgesia.[@b20-jpr-10-1265] Knockdown of K~Na~ SLACK channels also decreases the firing accommodation in DRG neurons.[@b21-jpr-10-1265] We found that the *SLICK* channel mRNA remained unchanged, but the protein declined after exposure to TNF-α. Our results showed that these changes might be induced through the PTM of ion channels. Channel phosphorylation is the most common PTM. The action of kinases on SLICK channels is to decrease the current amplitude.[@b22-jpr-10-1265] Ubiquitylation is also a well-known PTM that negatively regulates the cell surface expression of many different plasma membrane proteins.[@b23-jpr-10-1265]

We hypothesized that the mechanism underlying the neuropathic pain involved alterations in the SLICK channel, which could contribute to the abnormal excitability of DH neurons. These observations could explain our previous study, which showed that the TNF-α blood protein levels in the sciatica group were significantly higher than in healthy subjects.[@b24-jpr-10-1265] However, this sensitization could not be concluded to be a result of the direct phosphorylation or ubiquitylation of SLICK channels by p38 MAPK. In addition, to date, the onset of expression and detailed mapping of SLICK channel distribution in the DH during embryonic and postnatal development are missing, and therefore the effects of TNF-α may also change during this developmental period. Further work is needed to investigate this possibility.
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![Voltage-clamp whole-cell recordings were conducted in DH neurons.\
**Notes:** (**A**) Current was recorded at a holding potential of −70 mV, with 2000 ms pulses between −80 and +50 mV. Neuron was initially recorded in 140 mM external Na^+^ and then perfused with a solution in which NaCl was completely replaced with the impermeable cation *N*-methyl-d-glucamine (NMG-Cl). (**B**) Removal of extracellular Na^+^ reduces I~K~ in DH neurons. \**P*\<0.05.\
**Abbreviation:** DH, dorsal horn.](jpr-10-1265Fig1){#f1-jpr-10-1265}

![SB202190 restores the firing accommodation of DH neurons.\
**Notes:** (**A**) Representative action potential recorded in untreated neurons. (**B**) 5 min application of 10 ng/mL TNF-α, neurons exhibited a progressive loss of firing accommodation. (**C**) 10 min application of 10 ng/mL TNF-α, neurons showed completed loss of firing accommodation. (**D**) DH neurons were incubated with 10 μM of p38 inhibitor SB202190 for 30 min before TNF-α treatment; no loss of firing accommodation was detected. Using whole-cell current-clamp on cultured DH neurons, stimulation was 2.5× threshold for 1000 ms.\
**Abbreviation:** DH, dorsal horn.](jpr-10-1265Fig2){#f2-jpr-10-1265}

![The K~Na~ current is significantly decreased in DH neurons treated with TNF-α via p38 MAPK.\
**Notes:** (**A, B**) Left, Representative traces of I~K~ recorded before and after application of 10 ng/mL TNF-α in 140 and 0 mM Na^+^ external solution; Right, Current--voltage relationships before and after TNF-α treatment. (**C, D**) Left, Representative traces of I~K~ recorded before and after application of 10 μM of p38 inhibitor SB202190 for 30 min and then 10 min TNF-α treatment in 140 mM and 0 mM Na^+^ external solution; Right, Current--voltage relationships before and after SB202190 and then TNF-α treatment. (**E, F**) Peak current after 10 ng/mL TNF-α and TNF-α combined SB202190 addition at 50 mV normalized to control for both 140 and 0 mM Na-containing extracellular solution. \**P*\<0.05.\
**Abbreviations:** DH, dorsal horn; TNF-α, tumor necrosis factor-alpha.](jpr-10-1265Fig3){#f3-jpr-10-1265}

![TNF-α decreases membrane expression of SLICK channels via p38 MAPK through possible posttranslational modification in DH neurons.\
**Notes:** (**A**) Representative blot of membrane SLICK biotinylation assay. Membrane biotinylation and precipitation by streptavidin followed by Western analysis using a SLICK-specific antibody were performed on untreated neurons, neurons treated with 10 ng/mL TNF-α for 10 min, or neurons pretreated with 10 μM of p38 inhibitor SB202190 for 30 min followed by 10 ng/mL TNF-α for 10 min. (**B**) Densitometric analysis of SLICK membrane expression when normalized to β-actin. (**C**) Normalized SLICK gene expression levels. \**P*\<0.05.\
**Abbreviations:** DH, dorsal horn; TNF-α, tumor necrosis factor-alpha.](jpr-10-1265Fig4){#f4-jpr-10-1265}

![The cell cytotoxicity of TNF-α and the effect of p38 inhibitor SB202190 on the viability of DH neuron were evaluated using MTT assay.\
**Notes:** MTT assay that SB202190 in combination with TNF-α exerted no effect on the viability of DH neurons.\
**Abbreviations:** DH, dorsal horn; TNF-α, tumor necrosis factor-alpha.](jpr-10-1265Fig5){#f5-jpr-10-1265}
